The atmosphere-ocean-coupled regional downscaling system of the Regional Spectral Model for the atmosphere and the Regional Ocean Modeling System (RSM-ROMS) was used to improve the downscaling simulation accuracy, particularly of coastal areas, and a dynamical downscale of the historical global reanalysis data for the East Asian region over 25 years was conducted. The results showed that in the coupled run, the sea surface temperature (SST) tended to show large-scale discrepancy from reality, basically because the models remain imperfect. On the other hand, for net heat flux, precipitation, and surface air temperature, the coupled run showed positive improvement compared with the uncoupled run. The improvement in these three variables and the degradation in SST were also apparent for event-based (one-month) averages. This inconsistency between the impacts on SST and the other variables may indicate that there is room to improve the model system further, particularly in the coupling and/or boundary layer processes for both the atmosphere and ocean.
Introduction
Since the pioneering work of Giorgi and Bates (1989) , the dynamical downscaling technique with high-resolution regional atmospheric models has been used for various purposes, including seasonal weather forecasts (e.g., Yoon et al. 2012) , identification of land-atmosphere interactions (e.g., DeHaan and Kanamitsu 2008) , the orographic process of rainfall patterns (e.g., Leung and Ghan 1995) , and behavior of typhoons (e.g., Minamide and Yoshimura 2014) . In addition to these various purposes, dynamical downscaling is regarded as one of the most promising tools for regional climate projection. However, the problem of using low-resolution lower boundary conditions, particularly sea surface temperature (SST), has been pointed out (Li et al. 2012) . The use of the atmosphere-ocean (hereafter abbreviated as A-O)-coupled regional model is one of the solutions (Hong and Kanamitsu 2014) .
The studies of the A-O-coupled regional model are not new but not too old. The initial work was done by Hodur (1997) , who developed the Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS) targeting the Pacific side of the North American continent. Since then, as listed in Table  1 , approximately 10 systems have been developed. Some of the model systems are not currently in use, but a few of them are available. As one of the more recently developed model systems, the Regional Spectral Model-Regional Ocean Model System (RSM-ROMS), which was developed by Li et al. (2012) , was used for A-O-coupled dynamical downscaling simulations over the western part of North America for the historical period using reanalysis data (Li et al. 2012 ) and for present and future climate using the National Center for Atmospheric Research (NCAR) Community Climate System Model version 3 (CCSM3) output (Li et al. 2014a, b) . These studies revealed that the impact of using high-resolution and physically interactive lower boundary conditions was indeed significant for future climate prediction over coastal regions, particularly the Bay Area of California. This regional coupled model was also applied for reanalysis-coupled downscaling over the Intra-Americas Seas (Li and Misra 2014) . A highlight of coupled downscaling is its resolving of the loop current and its associated eddy shedding and variance of sea surface height, which is poorly simulated in the Climate Forecast System Reanalysis (CFSR; Saha et al. 2010 ). However, RSM-ROMS has not yet been tested for other regions. Therefore, this note briefly presents an application of RSM-ROMS for A-O-coupled dynamical downscaling simulations for the East Asia region during the historical period. Li et al. (2012) coupled the Scripps Institution of Oceanography version of RSM (Kanamitsu et al. 2005 ) and the ROMS version 3 (Shchepetkin and McWilliams 2005) , naming the coupled system RSM-ROMS. The model components are the same as those of the Scripps Coupled Ocean-Atmosphere Regional (SCOAR) model (Seo et al. 2007 ), but there are significant practical improvements such as in the user interface, domain specification friendliness, and parallel computing optimization.
Description of the model and experiments

RSM-ROMS
The hydrostatic regional atmospheric model RSM has been used in many studies (e.g., Ham et al. 2015) . In the present study, we used the following for the major physical processes: the simplified Arakawa-Schubert scheme (Hong and Pan 1998) for convective parameterization, a diagnostic microphysics scheme , the Noah land surface model (Ek et al. 2003) , shortwave (Chou 1992) and longwave (Chou et al. 1999 ) radiation parameterizations, and a non-local boundary layer scheme (Hong and Pan 1996) . Additionally, we adopted the new spectral nudging scheme developed by Hong and Chang (2012) to apply the lateral boundary conditions. Thanks to extensive efforts by previous developers, RSM has come to be regarded as a major regional climate model through many multimodel intercomparison studies (e.g., Pierce et al. 2013) . ROMS is a free-surface, terrain-following, primitive equation ocean model. A large number of studies have used ROMS, including the one using it coupled with the Weather Research and Forecasting (WRF) model by Samala et al. (2013) . We used version 3.0 with the level 2.5 Mellor-Yamada mixing scheme (Mellor and Yamada 1982) , the K-profile boundary layer scheme (Large et al. 1994) , and built-in flux correction (Marchesiello et al. 2003) .
Experiment setup
The target region mainly includes Japan, Korea, the eastern part of China, and surrounding oceans, as shown in Fig. 1 , and 20-km horizontal resolution in Mercator projection (115.124°E-154.999°E and 25.592°N-55.955°N; 192 × 199 grids) , 28 sigmalevel layers in the atmosphere, and 30 sigma-level layers in the ocean were used. The integration period was from 1980 to 2005, and the results from the last 20 years (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) were used for analyses. The atmospheric lateral boundary conditions were derived from the National Center for Environmental Prediction (NCEP)/US Department of Energy (DOE) Reanalysis 2 (hereafter RA2; Kanamitsu et al. 2002) . As a surface boundary condition for the A-O-uncoupled run, the Optimum Interpolated SST (OISST) data with a resolution of 1 degree (Reynolds and Smith 1994) were used. The ocean lateral boundary condition for the A-O-coupled run was obtained from the monthly Simplified Ocean Data Assimilation (SODA; Carton et al. 2000) . The information exchange between the atmosphere and ocean for the A-O-coupled experiment takes place every 24 h. Due to differences in computation loads, 20 CPUs were assigned for the atmospheric simulation and 4 CPUs were assigned for the ocean. Hereafter, the A-O-coupled experiment is referred to as CPL, and the same run but without ROMS is referred to as UNCPL.
Data used for validation
For validation, we used the daily OISST version 2 with Advanced Very High Resolution Radiometer (AVHRR) only in resolution of 0.25 degrees (Reynolds et al. 2007 ), surface net heat fluxes radiation data from the Objectively Analyzed air-sea Fluxes (OAFlux; http://oaflux.whoi.edu), and precipitation and surface air temperature data from the Asian Precipitation -HighlyResolved Observational Data Integration Towards Evaluation of the Water Resources (APHRODITE) data sets (http://www.chikyu.ac.jp) (Yatagai et al. 2012 ). Figure 2 shows the 20-year climatological JuneJuly-August (JJA) averages for SST, surface net heat fluxes over oceans, and precipitation distribution compared with corresponding observations. For SST, because the UNCPL experiments used observation data with low resolution (1° × 1°) (Fig. 2b) , these distributions are more similar to those of the AVHRR analyses with high resolution (0.25° × 0.25°) (Fig.  2a) than those of the CPL experiments (Fig. 2c) . The pattern correlation (PC) coefficients are almost the same (0.99 for both UNCPL and CPL), but the root mean square error (RMSE) is degraded from 0.39°C in UNCPL to 1.29°C in CPL. The overall degradation in SST is somewhat inevitable due to the fact that both RSM and ROMS are imperfect. However, as shown in Fig. 2d , CPL SST shows some temperature decrease along the coastlines compared with UNCPL, particularly along east China (Tsingtao to Shanghai), east Russia (Nevelskoy Strait), and the Pacific side of Japan. These SST decreases are due to Ekman uplifting currents near the coast caused by near-surface wind and current. SST cooling is also related to some biases from the atmospheric model, such as in precipitation, cloudiness, and surface net heat fluxes (Ham et al. 2014; Zou and Zhou 2011) . Ham et al. (2014) found that SST cooling is linked to positive precipitation biases by increased cloudiness and the blocking of solar radiation. Zou and Zhou (2011) suggested SST cold bias due to overestimation of the convection frequency of the atmospheric model. Also, SST from CPL run might be cooled to keep the balance of the fluxes.
Results
Validation at climatological scale
Contrary to SST, surface net heat flux (positive downward) in CPL (Fig. 2g) shows better overall agreement with the observation (Fig. 2e) than that in UNCPL (Fig. 2f ) for both PC (0.71 to 0.77) and RMSE (57 W m −2 to 50 W m −2 ). There is systematic underestimation over most of the oceans in UNCPL, but the underestimation is improved to some extent in CPL, except at the northeastern part of the target domain (Fig. 2h) . A distinct difference between CPL and UNCPL can be found along the Kuroshio Current, one of the largest ocean streams in the world. This fact indicates the representation of physically reasonable interaction between the atmosphere and ocean in the A-O-coupled model. Thus, it is worth mentioning that a better representation of heat flux is not always associated with a better representation of SST. This implies room for further improvement in the coupling processes and the representation of boundary layers in either the atmosphere or ocean model or both. For precipitation, the impact is not too large, but there does seem to be a positive impact. Compared with the observation over land (Fig. 2i) , PC slightly increases from 0.70 to 0.72, and RMSE decreases from 2.2 mm day −1 to 2.1 mm day −1 (Figs. 2j, k) . A comparison with the Global Precipitation Climatology Project (GPCP) dataset (Huffman et al. 2001) , which covers both land and ocean, also showed a similar tendency (figure not shown). The largest difference between CPL and UNCPL, which is associated with a decrease in SST and an increase in net heat flux, is over the Pacific Ocean. The impact is quite large, so there are some impacts in the coastal regions, particularly the Pacific side of Japan and the east coastal part of China.
Interestingly, the surface net heat flux difference tends to be closely related to SST and precipitation difference patterns (Figs. 2d, h, l) . Table 2 shows the summer of 1986 averaged sea surface fluxes budget averaged over the domain. Although this represents the averaged values of only one year, it is enough to understand the difference between CPL and UNCPL compared with the observation. The wet pattern can be linked to the negative heat flux difference caused by increased cloudiness and blocking of solar radiation (shortwave fluxes from UNCPL are underestimated compared with the observation; Table 2 ). The negative heat flux biases cool the ocean surface and induce additional SST cooling. However, the atmosphere-only model (for the UNCPL simulation) cannot reflect this process because it uses the observed forced SST, which does not consider the ocean-atmosphere interaction. These findings confirm that in the results from the UNCPL simulation, the net surface heat fluxes from the UNCPL simulation show underestimation compared with the observed OAFLUX data. In contrast to the atmosphere-only model, the coupled model (for the CPL simulation) includes the ocean-atmosphere feedback process. Therefore, SST cooling in the coupled model leads to an increase in net heat fluxes and a decrease in precipitation compared with the results of the uncoupled model (Figs. 2d, h, l) , which is related to the reduced latent heat fluxes (Table 2) . Here, reduced latent heat fluxes in the CPL experiment are mainly due to the humidity change. Meanwhile, the change in wind speed by the coupled system is not significant (figure not shown). Although simulated net heat fluxes in the CPL experiment are increased compared with those in the UNCPL experiment, they are still underestimated in comparison with those in the observation. This would induce the cold SST biases. These findings are consistent with those of Ham et al. (2014) , although they used the global coupled model. They suggested that the coupling system led to improvement in the surface net heat flux and precipitation due to reasonable air-sea interaction despite the cold biases of SST. Additionally, Zou and Zhou (2012) indicated that simulation with regional air-sea coupling improved the simulation of net heat flux over the ocean, particularly for latent heat flux, despite the SST biases. Figure 3 is the same as Fig. 2 , except that it shows the climatological December-January-February (DJF) season. Similar to the summer case, there is a larger bias in SST, although there are small-scale features in CPL. The overestimation of SST occurs over the north coastal part of Japan, the Yellow Sea, and south of the Chishima Islands in CPL. PC decreases from 0.98 to 0.96, and RMSE increases from 2.4°C to 2.7°C. Despite the SST discrepancies, net heat flux is significantly improved. PC increases from 0.70 to 0.82 in CPL, and RMSE decreases to 60 W m −2 from 72 W m −2 . This difference is due to the fact that the little cooling (less negative values) in UNCPL in the Yellow Sea, East China Sea, and north coastal part of Japan is improved by CPL with physically reasonable interaction between the atmosphere and ocean. The difference between CPL and UNCPL over the Pacific is divided by the Kuroshio Current and its extension currents. Over the area south of the Kuroshio, net heat flux is less negative (less ocean cooling) in CPL. For precipitation, as was the case for summer, the impact is somewhat limited, but in a good direction. RMSE decreases from 0.90 to 0.81 mm day −1 , whereas the correlation remains the same. The impacted area is associated with SST and heat flux changes, particularly over the Pacific. Figure 4 shows the seasonal changes in area mean SST (Fig. 4a) , surface air temperature (SAT) (Fig.  4b) , surface net heat flux (Fig. 4c) , and precipitation (Fig. 4d) . Note that SST and net heat flux are over the ocean, whereas SAT and precipitation are over the land only. Contrary to the degradation in spatial correlation and RMSE in SST shown in the previous figures, the regional average SST showed some improvement, particularly in the summer months. The impact of coupling is not always in a better direction for averaged SST, particularly in the winter season. Surprisingly, the coupling almost always improves results for all other variables. For example, for SAT, the warm biases (maximum of about 1.5°C) in the summer months were slightly decreased (maximum of about 1.3°C), whereas no significant change occurred in the winter months, although there are obvious cool biases with a maximum of more than 2°C in both experiments. For net heat flux, the problems of too little heating (less positive) in summer months and too little cooling (less negative) in winter months are both improved. The case is similar for precipitation, for which too much (too little) precipitation in winter (summer) months is slightly improved.
Validation at event-based scale
To examine the impact of a single event (or a few events) more carefully, we arbitrarily select July 1987 when Typhoon Thelma struck the south of Korea and the Kyushu area of Japan. Similar to Figs. 2 and 3, 5 shows SST, net heat flux, SAT, and precipitation, but over the more focused region of Korea and southern Japan (designated in Fig. 1 ). The SST field changes to a finer structure in the CPL run (Fig. 5c) . Again, similar to climatological analyses, the difference in SST does not necessarily produce better agreement with the high-resolution AVHRR observation (Fig. 5a ) compared with the low-resolution UNCPL forcing (Fig. 5b) . PC decreases from 0.97 to 0.89, and RMSE increases from 0.56°C to 1.18°C. However, the AVHRR data obviously show spatially finer structure associated with the Kuroshio Current, as shown in CPL. An apparent difference between UNCPL and CPL can be seen as cooling in the Tsushima Strait, where much precipitation occurred as a result of the typhoon.
On the other hand, the performance for net heat flux, SAT, and precipitation is almost always improved or unchanged. There is too little heating over almost the entire domain by the UNCPL run, but the CPL run improves this negative bias over the entire domain, although both PC and RMSE are not very good (0.27 to 0.35 and 47.9 W m −2 to 44.9 W m −2 , respectively). For SAT, the impact is very limited (both PC and RMSE do not change much: 0.81 to 0.84 for PC and 1.22 to 1.23 mm day −1 for RMSE). The biggest difference is over the ocean, such as SST (Fig. 5d ), but it also shows a little impact over the land. For precipitation over the land, there is some impact by CPL, with both PC and RMSE being slightly improved (0.57 to 0.58 for PC, 16.2 mm day −1 to 16.1 mm day −1 for RMSE). There is a small precipitation decrease in the Tsushima Strait and in corresponding coastal areas of Korea and Japan, which is mainly due to SST cooling by CPL, indicating the possibility of overestimation by the UNCPL run, because the cooling effect by heavy precipitation was not taken into account.
The impact of air-sea interaction for single event may be sensitive to each event. For example, Wada and Usui (2007) investigated the impact of oceanic processes on typhoons and pointed out that it was sensitive to individual cases. In this study, some typhoon cases related to the target region were additionally investigated (not shown). It is clear that the CPL experiment produces almost the same improvement for atmospheric variables such as surface net heat fluxes and precipitation by SST cooling in several of the typhoon cases, although the sea level pressure and wind variables are similar to each experiment. However, further understanding and investigation of the feedback mechanisms between typhoon and oceanic processes based on its track and intensity are needed.
Summary and conclusions
This note presents results of the first application of the recently developed atmosphere-ocean-coupled regional model system RSM-ROMS to the East Asian domain and provides comparisons and validations of SST, surface net heat fluxes, air temperature, and precipitation at both climatological and event-based scales. In short, the A-O coupling seems to have no or positive impact on net heat flux, SAT, and precipitation and no or negative impact on SST. The last is largely due to the fact that observed SST was used in the case of no coupling with a regional ocean model. However, although the large-scale horizontal distribution of SST was degraded, some improvement was observed at finer resolution, such as over coastal regions, by physically reasonable mechanisms, i.e., Ekman uplifting. The existence of an inverse relationship between degradation in SST and improvement in net heat flux may indicate that there is room for further improvement in coupling processes and boundary layer processes for both the atmosphere and ocean. Furthermore, to reduce the biases of SST in the coupled run, it is essential to improve the cloud-radiation processes in the atmosphere model because SST is mainly determined by the heat fluxes as well as precipitation. Additionally, the impact of ocean circulation analysis on air-sea coupling, such as for SST, heat transfer, and mixed layer depth, is still under debate, despite the positive effect on atmospheric circulation. Further understanding of the feedback mechanisms between the atmosphere and ocean is needed.
